Abstract We report Magnetospheric Multiscale observations of macroscopic and electron-scale current layers in asymmetric reconnection. By intercomparing plasma, magnetic, and electric field data at multiple crossings of a reconnecting magnetopause on 22 October 2015, when the average interspacecraft separation was~10 km, we demonstrate that the ion and electron moments are sufficiently accurate to provide reliable current density measurements at 30 ms cadence. These measurements, which resolve current layers narrower than the interspacecraft separation, reveal electron-scale filamentary Hall currents and electron vorticity within the reconnection exhaust far downstream of the X line and even in the magnetosheath. Slightly downstream of the X line, intense (up to 3 μA/m 2 ) electron currents, a super-Alfvénic outflowing electron jet, and nongyrotropic crescent shape electron distributions were observed deep inside the ion-scale magnetopause current sheet and embedded in the ion diffusion region. These characteristics are similar to those attributed to the electron dissipation/diffusion region around the X line.
Introduction
The ability to accurately measure current density is crucial for understanding the magnetic reconnection process as it reveals both the structure of the macroscopic current systems and small-scale structure of dissipation regions. Theory and kinetic simulations [e.g., Sonnerup, 1979] predict that the structure of the macroscopic current systems strongly depends on boundary conditions such as the size of the guide field [e.g., Swisdak et al., 2005] , the level of asymmetry on the two sides of the current sheet [e.g., Krauss-Varban et al., 1999] , and the presence of flow shears [e.g., Tanaka et al., 2010] . Furthermore, some work suggests that 3-D simulations generate more electron-scale current sheets than 2-D simulations. One particular manifestation of this possible 3-D effect is the occurrence of highly filamentary current sheets within the exhaust, in addition to the breakup of intense currents along the separatrices [Daughton et al., 2011; Che et al., 2011] .
Experimental analysis of the current density directly determined from plasma measurements is difficult due to the usually large uncertainties in the electron velocity measurements. When appropriate multipoint magnetic field measurements are available, the current density can be computed via the curlometer method [Robert et al., 1998; Dunlop et al., 2002] . However, this method is only valid when the scale size of the spacecraft tetrahedron configuration is much less than the structure under consideration and the current density is approximately uniform on the spacecraft separation scale. was 100 km were used to calculate current density at the magnetopause [Dunlop et al., 2002] , but was unable to explore current densities at scale sizes below 100 km.
In this paper, we first demonstrate that the Magnetospheric Multiscale (MMS) ion and electron measurements are sufficiently accurate to provide reliable single-spacecraft current density measurements at 30 ms cadence (or 1.3 electron skin depth resolution). This analysis uses burst-mode data from the fluxgate magnetometer at 128 samples per second [Russell et al., 2014] , the fast plasma experiment at 150 ms resolution for ions and 30 ms resolution for electrons [Pollock et al., 2016] , and the electric field instrument at 8192 samples/s [Torbert et al., 2014] . We then use these current density measurements, made independently by each of the four MMS satellites in a 10 km scale tetrahedron configuration, to reveal and explore for the first time electron-scale filamentary currents both near the X line and in the downstream exhaust.
2. Overview Figure 1 shows an overview of multiple crossings of a dayside (13.5 magnetic local time) magnetopause reconnection layer by MMS 1. This interval was chosen because the spacecraft encountered both the exhaust (~70 ion skin depths (d i ) downstream of the X line) and the region around the X line. During this interval the average separation of the four spacecraft was~10 km, or~8 electron skin depths (d e ) based on the magnetosheath density of~25 cm
À3
. The data are shown in LMN boundary normal coordinates determined by minimum variance analysis [Sonnerup and Cahill, 1967] of the complete magnetopause crossing at 06:03:54-06:04:09 UT and assumed to be the same for the rest of the interval shown. N is along the magnetopause normal, L is along the reconnecting field direction, and M points approximately along the X line.
Initially, MMS 1 was in the magnetosheath where the magnetic field ( Figure 1a ) pointed southward (B L < 0) and the plasma density (Figure 1d ) was~25 cm
. From 06:03:54 to 06:04:08 UT (marked by the two vertical dashed lines), the spacecraft crossed the magnetopause current sheet into the magnetosphere where the magnetic field pointed northward (B L > 0) and the number density was~4 cm
. The number density was unusually high in the magnetosphere because of the presence of cold plasma (see Figure 1m) . Embedded in the magnetopause was a southward directed ion jet (Figure 1e ) reaching nearly À155 km/s (relative to the magnetosheath V L~À 40 km/s, marked by the horizontal black dashed line), or approximately 90% of the magnetosheath (inflow) Alfven speed of~175 km/s. This indicates that MMS 1 encountered a reconnection exhaust south of the X line. Interpenetrating magnetosheath and magnetospheric ion beams in the jet (Figures 1l and 1m) , as well as reflected magnetosheath ions detected in the magnetosheath (Figure 1k ), provide further evidence for reconnection. The magnetic field rotation across the magnetopause was~175°. A large out-of-plane magnetic field (B M ) was present in the exhaust with amplitude of 48 nT, which was larger than B L in the magnetosheath. Large B M in the exhaust does not imply that the spacecraft was close to the X line because, as shown below, this exhaust encounter occurred far downstream of the X line. More interestingly, the sign of B M was not consistent with a Hall field south of the X line [e.g., Tanaka et al., 2008] . This discrepancy will be discussed in section 5.
Four-spacecraft timing analysis (not shown) reveals that the magnetopause normal motion at 06:04 UT was outward at~44 km/s. The current sheet width was thus~645 km, or 14 magnetosheath d i . Assuming a reconnection rate of 0.1 (thus an exhaust opening angle of 11°), this exhaust crossing occurred~70 d i downstream of the X line.
At 06:05:06 UT, MMS 1 re-entered the reconnecting magnetopause, still south of the X line as evidenced by the presence of a southward ion jet (V L < 0). A bit later, at~06:05:20 UT, MMS 1 detected a V L reversal. This suggests that the spacecraft was in close proximity of the X line at that time.
There were noticeable differences between the reconnection exhaust at 06:03:54-06:04:08 UT and the broad region (06:05:05-06:05:30 UT) surrounding the flow reversal. The electron temperature in the flow reversal interval was much higher than in the earlier exhaust (Figure 1h ), and the currents (Figures 1i and 1j ) were more intense, with peak amplitudes reaching 3 μA/m 2 . Two measures of the current density, j p = ne(V i -V e ) based on the plasma measurements, and j B = ∇ × B/μ 0 based on the curlometer method, are shown in Figures 1i and 1j , respectively. There is general agreement between the two measurements on large scales, but on smaller scales, the amplitudes of j p are larger than j B . In the next section we will demonstrate the accuracy of j p and show the common occurrence of filamentary currents with scale sizes below the 10 km spacecraft separation. For such currents, the curlometer method underestimates the current density. Figure 1k the field-aligned velocity separation between the incident and reflected magnetosheath ions was~220 km/s, close to the predicted 2 V HT [Cowley, 1982; Fuselier et al., 1990; Gosling et al., 1991] , where V HT is the deHoffman-Teller speed (which is 125 km/s for the exhaust interval). The LMN coordinates: L = (0.42, À0.53, 0.91) GSE , M = (0.64, À0.70, À0.33) GSE , N = (0.65, 0.72, À0.26) GSE . Ion moments in the magnetosphere are not reliable due to the 10 eV lower limit of the plasma instruments.
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Current Layers in and Around the Reconnection Exhaust
Ions and electrons in an exhaust far downstream of the X line are thought to be mostly frozen-in. By evaluating the frozen-in conditions for ions (E + V i × B = 0) and electrons (E + V e × B = 0), one can evaluate the accuracy of the measurements. Further evaluation can be made by comparing the current density derived from plasma measurements and by the curlometer method. Ion and electron frozen-in conditions in the exhaust in despun spacecraft coordinate system (DSC), which is nearly identical to GSE. (a) Magnetic field, (b) ion and electron densities, (c and d) ion and electron velocities, (e and f) x and y components of the electric field and À(v i × B), (g) z component of the E × B velocity and perpendicular ion velocity, (h and i) x and y components of the electric field and -(v e × B), (j) z component of the E × B velocity and perpendicular electron velocity, and (k and l) x and y components of (E + v i × B) and the Hall electric field (j × B)/ne. One-second duration corresponds to one d i .
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Frozen-in Conditions for Ions and Electrons
We examine the frozen-in conditions in the despun spacecraft (DSC) coordinate system using the spin plane components of the electric field, E x and E y . Figure 2 shows a zoom-in of the exhaust centered at~06:04:00 UT (marked by the blue bar in Figure 1e ). The difference between V i (Figure 2c ) and V e (Figure 2d ) traces is striking, with V e being much more variable than V i both in the exhaust and in the upstream magnetosheath. The good agreement, to within 1 mV/m in most regions, between E and ÀV e × B in Figures 2h and 2i indicates that the electrons were frozen-in, as well as the high accuracy of the measurements of V e , B, and E. The 8192 samples per second electric field matches the lower resolution À V e × B well, implying that there were essentially no electric field structures smaller than the d e scale in this exhaust. A similar comparison between the z component of the perpendicular electron velocity and the E × B velocity (Figure 2j ) reveals an agreement that is typically within 20 km/s in the magnetosheath and much of the magnetopause. There are regions (e.g., around the exhaust edge at 06:03:54-06:03:55 UT) where E x ≠ (À V e × B) x (Figure 2h ) which could indicate violation of the electron frozen-in condition there.
The ion frozen-in condition (Figures 2e and 2f) , on the other hand, is violated in many parts of the exhaust and at its boundaries. While the violation within sub-d i scale structures may not be surprising, it occurs in broader ion scale regions (e.g., 06:03:58.5-06:04:01.5 UT) as well, which is rather surprising.
Figures 2k and 2l show the comparison between E + V i × B and j × B/ne (the Hall term in the generalized Ohm's law). The excellent agreement between the two quantities further illustrates the presence of Hall structures not only at the exhaust/current sheet boundaries but also within the exhaust and even in the magnetosheath, many of which are on electron scales.
Current Density From Plasma and Magnetic Field Measurements
The good agreement between E and V e × B indicates that the electron velocity measurements are accurate (in addition to the electrons being frozen-in). On the other hand, ion and electron velocities often do not agree, implying the presence of currents. In this section we examine the current density derived from the plasma measurements, j p , and compare to the current density derived from the curlometer method, j B .
Figures 3d-3f overplot j p for the four spacecraft and demonstrate that some large structures are coherent and stable (e.g., at the magnetosheath edge of the exhaust~06:03:55 UT) and are seen by all four spacecraft as they traverse these current layers consecutively. Other current structures (e.g., at 06:04:04-06:04:04.5 UT) in the middle of the exhaust are less coherent. At the individual spacecraft, j p is generally larger and has more structure than j B (black traces in Figures 3g-3i) . However, the "average" j p at the four-spacecraft barycenter (red traces in Figures 3g-3i ) is more similar to j B , which is also evaluated at the barycenter. This agreement serves as validations of j p and j B . From this and the comparisons shown in Figure 2 , we conclude that the plasma instruments provide accurate current density measurements at 30 ms, or 1.3 km (~d e ) resolution for this exhaust, which moved at 44 km/s relative to MMS.
Filamentary Currents and Vorticity in the Exhaust and at its Boundaries
The data reveal structure both at ion and electron scales. At the magnetosheath edge of the exhaust (at 06:03:55 UT), a bipolar j PL component was observed by all four spacecraft with amplitude up to 1 μA/m 2 ( Figure 3d ). An out-of-plane current j PM of similar amplitude (Figure 3e ) was observed concurrent with the bipolar j PL . It took about 1 s to cross this current layer, which was on the order of 1 d i . In addition to current flowing tangential to the magnetopause there was also a sunward directed normal current (j PN ) at this boundary (Figure 3f ).
A bipolar j PL was also observed by all four spacecraft at the magnetospheric edge of the exhaust (at 06:04:07 UT), but j PM and j PN were much weaker there (Figures 3d-3f ).
The sense of j PL located on the exhaust side of the boundaries is consistent with the positive B M (Figure 3b ) in the exhaust, but is opposite to the expected Hall current loop south of the X line for asymmetric reconnection.
In addition to the ion-scale bipolar currents at the boundaries of the exhaust, smaller-scale current layers were observed within the exhaust itself as well as in the adjacent magnetosheath. Some of these current densities have amplitudes comparable to those at the exhaust boundaries but are of smaller scales. and (u) j M and overall current sheet edges (dashed curves) from 2-D kinetic simulation. Close to the X line, the separatrices are inward of the current sheet boundaries, whereas they are outside downstream. The crossover point occurs at |L|~3 d i on the magnetosheath side and~13d i on the magnetospheric side (Figure 3p ). This suggests that the length of the ion diffusion region may be asymmetric, longer on the magnetospheric side.
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1 and MMS 4 observed opposite j PM currents (up to 0.7 μA/m 2 ), while MMS 2 and 3 did not see much of a current (Figures 3m and 3n) . With a spacecraft separation of 10 km, this implies that the spatial scale of this current layer was much less than 10 km. Differences between the measurements at the four spacecraft therefore reveal electron-scale filaments that persist throughout the exhaust crossing. These filamentary currents were Hall currents since electrons were frozen-in while the ions were not (Figure 2) , and they had components both parallel and perpendicular to the magnetic field (Figures 3k and 3l ).
Electron vortices (Figure 3j) were associated with the filamentary currents. The vorticity is larger in the exhaust than in the adjacent magnetosheath, suggesting that the vortices were generated by the reconnection process. Note that the four-spacecraft determination of ∇ × V e only measures vorticity at scale sizes larger than 10 km.
Intense and Filamentary Currents Close to the X line
We now examine the current structure around the ion flow reversal interval (marked by the red horizontal bar in Figure 1e ), which occurred 80 s after the exhaust encounter, As pointed out in section 2, this near-X line region displayed stronger electron heating and more intense currents and electric fields than during the earlier exhaust encounter. Figure 4d shows that the current structure consisted of a strong (up to 2.5 μA/m 2 ) out-of-plane current j PM , approximately centered on the reversal of j PL . Since |V e | ≫ |V i | (Figures 4b and 4c) , this structure was dominated by electron currents. This current structure was observed by all four spacecraft (Figures 4r and 4s) as they approached the current sheet center (B L = 0) from the B L > 0 (magnetospheric) side. Since MMS 3 and 4 approached the overall current sheet center ahead of MMS 2 and 1 (Figure 4p) , some of the time (e.g., 06:05:21.6-06:05:21.9 UT) MMS 3 and 4 detected negative j PL while MMS 1,2 detected positive j PL . This implies that the oppositely directed j PL was a spatial feature. The negative j PL was consistent with the Hall current north of the X line in asymmetric reconnection [e.g., Tanaka et al., 2008] . Since the spacecraft separation was only~10 km (~8 d e ), the filamentary j PL currents must have had electron scale widths. The large negative j PL~2 .5 μA/m 2 was associated with an outflowing electron jet (V eL ) with speed~1000 km/s, which is~4 times the hybrid Alfvén speed of the two inflow regions [Cassak and Shay, 2007] of 260 km/s.
The reversals of j PL (Figure 4d ) and V eL (Figure 4c ) at first seem to suggest that the spacecraft may have crossed the X line region, detecting bi-directional electron jets originating from the X line. However, this scenario is not consistent with the ion velocity measurements or the relative positions of the spacecraft. Figures 4a and 4b show that as the spacecraft approached the current sheet center, the ion outflow (V iL ) speed was alreadỹ +70 km/s (or 110 km/s relative to the magnetosheath V iL of À40 km/s indicated by the horizontal dashed line in Figure 4b) . In other words, the current structures were detected downstream (and north) of the X line. The spacecraft locations, with MMS 3 and 4 located sunward of MMS 1 and 2 (Figure 3o) , together with the B L variations (Figure 4p ), reveal that the j PL reversal (or layering) occurred in the magnetopause normal direction (Figure 4u ). Furthermore, these electron currents were located deep inside the current sheet, where B L~2 0-30 nT (compared to B L~6 0 nT in the magnetosphere), instead of being at the edges of the current sheet (marked by the dashed curves in Figure 4u ) as was the case far downstream of the X line.
Figures 4e and 4f show that there were significant structures in the electric field, with amplitudes up tõ 40 mV/m in the electron current layer, in contrast to the much weaker fields at the exhaust boundaries far downstream of the X line. The ions were not frozen-in throughout the electron current layer (Figures 4e  and 4f ), while the electrons were mostly frozen-in, except perhaps in some substructures (Figures 4g and 4h) . Figure 4o shows that in the strong j PM region, the electron distributions in the plane perpendicular to the magnetic field consisted of a mixture of nearly gyrotropic low-energy (magnetospheric) electrons and nongyrotropic (crescent shape) magnetosheath electrons at high energies/speeds (>5000 km/s) in the E × B direction.
Electron heating was associated with the electron current region (Figure 4i ). Across this current region the perpendicular electron temperature increased by about 20 eV and remained at that level in the exhaust. The electron parallel temperature, on the other hand, started to increase before the perpendicular temperature rise, but was localized to the strong current region. Furthermore, Figures 4j-4l show that the parallel heating was associated with electrons flowing antiparallel to the magnetic field, which in this case (being north of the X line and on the magnetospheric side) corresponded to electrons flowing toward the X line.
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Summary and Discussions
We have demonstrated that the MMS ion and electron moments were sufficiently accurate to provide unprecedented single-point current density measurements at 30 ms cadence (~d e resolution), capable of resolving electron-scale current layers.
In the downstream exhaust region, filamentary Hall currents (in which the electrons were frozen-in but the ions were not) and electron vorticity were observed at the exhaust boundaries as well as within the exhaust itself. These currents have components both parallel and perpendicular to the magnetic field. Pairs of bipolar j PL were seen at both edges of the exhaust. Electron-scale filamentary Hall currents embedded in reconnection exhausts have been seen in 3-D simulations [e.g., Daughton et al., 2014; Nakamura and Daughton, 2014] but appear to be less common in 2-D simulations. This suggests that these currents may be created by instabilities that are suppressed in 2-D. The ion flows in the exhaust were remarkably laminar and did not appear to be affected by the filamentary currents. The presence of Hall effects in the exhaust far downstream of the X line (and even in the magnetosheath) questions the identification of the ion diffusion region based on the violation of the ion-frozen-in condition alone.
Compared to the downstream exhaust region, the near-X line region exhibited more intense electron currents and electric fields, greater electron heating, and a super-Alfvénic outflowing electron jet. Another difference was an intense out-of-plane current flanked by bipolar j PL located deep inside the current sheet, instead of being at the outer edges of the current sheet (marked by the dashed curves in Figures 3p and 4u ) as was the case far downstream of the X line. In comparison with simulation (Figure 4u ), the occurrence of intense j PM and j PL current structures deep inside the current sheet implies that MMS was within at most a few d i from the X line. Close to the X line, such current structures are located right around the magnetospheric separatrix, inward of the exhaust/current sheet boundaries, and therefore embedded inside the ion diffusion region. In contrast, far downstream of the X line, the exhaust/current sheet boundaries are inward of the separatrices.
The near-X line electron current layer also exhibited nongyrotropic crescent shaped electron distributions that were similar to those predicted [Hesse et al., 2014; Bessho et al., 2016; Shay et al., 2016] and observed [Burch et al., 2016] in the immediate vicinity of the X line. These distributions are indicative of demagnetization and acceleration of electrons by the strong normal electric field (~E x in Figure 4e ), and their presence downstream of the X line is consistent with simulations [e.g., Shay et al., 2016] . Our finding could indicate that some electron physics around the X line extends downstream.
The observed current layers have some similarities but also significant differences with the expected Hall currents in the single X line reconnection picture. For asymmetric reconnection with inflow conditions similar to this event, one expects current to flow along the magnetospheric edge of the exhaust toward the X line and then along the magnetosheath edge away from the X line, creating a monopolar B M in each exhaust [e.g., Tanaka et al., 2008; Pritchett, 2008] . Near the X line, the observed negative j PL close to the current sheet center north of the X line was consistent with the Hall current direction. The associated super-Alfvénic electron jet located off the current sheet center on the magnetospheric side may be the asymmetric reconnection counterpart of the extended outflowing electron jet at the current sheet center in symmetric reconnection Karimabadi et al., 2007; Phan et al., 2007] .
At the exhaust 70 d i downstream, the sense of j PL located on the exhaust side, while consistent with the measured B M , was opposite to the expected Hall current loop south of the X line. Another difference is the location of strong j PM , which is predicted to be on the magnetospheric edge of the exhaust (Figure 3p ), but was observed to be on the magnetosheath side instead. These discrepancies with the basic picture of asymmetric reconnection are puzzling and require further study.
Another feature of the MMS observations that is not apparent in kinetic simulations was the presence of narrow j PL upstream of exhaust boundaries. Such narrow currents are seen in simulations of symmetric reconnection but are generally not seen in asymmetric reconnection simulations. These and other puzzles will emerge as we explore the unprecedented plasma and field measurements made by MMS.
